The statins are a class of 3-hydroxy-3-methylglutaryl-coenzyme A-reductase inhibitors that are recognized to have pleiotropic properties. We previously reported the attenuation of LPS-induced murine acute lung injury (ALI) by simvastatin in vivo and identified relevant effects of simvastatin on endothelial cell (EC) signaling, activation, and barrier function in vitro. In particular, simvastatin induces the upregulation of integrin-␤4, which in turn inhibits EC inflammatory responses via attenuation of MAPK signaling. The role of integrin-␤4 in murine ALI protection by simvastatin, however, is unknown. We initially confirmed a time-and dose-dependent effect of simvastatin on increased integrin-␤4 mRNA expression in human lung EC with peak protein expression evident at 16 h. Subsequently, reciprocal immunoprecipitation demonstrated an attenuation of LPS-induced integrin-␤4 tyrosine phosphorylation by simvastatin (5 M, 16 h). Increased expression of EC inflammatory cytokines [IL-6, IL-8, monocyte chemoattractant protein (MCP)-1, regulated on activation normal T cell expressed and secreted (RANTES)] by LPS (500 ng/ml, 4 h) was also significantly attenuated by simvastatin pretreatment (5 M, 16 h), but this effect was reversed by cotreatment with an integrin-␤4-blocking antibody. Finally, although simvastatin (20 mg/kg) conferred significant protection in murine ALI as evidenced by decreased bronchoalveolar lavage fluid cell counts, protein, inflammatory cytokines (IL-6, IL-1␤, MCP-1, RANTES), decreased Evans blue dye albumin extravasation in lung tissue, and changes on lung histology, these effects were reversed by the integrin-␤4-blocking antibody (IV, 1 mg/kg, 2 h before LPS). These findings support integrin-␤4 as an important mediator of ALI protection by simvastatin and implicate signaling by integrin-␤4 as a novel therapeutic target in patients with ALI.
THE STATINS ARE A CLASS OF 3-hydroxy-3-methylglutaryl-coenzyme A-reductase inhibitors recognized to have potent antiinflammatory and vascular-protective properties independent of their ability to lower serum cholesterol levels. In this regard, we previously reported the attenuation of murine acute lung injury (ALI) by pretreatment with simvastatin (12) . The mechanisms underlying these effects, however, are complex and not fully characterized. For example, we have identified several distinct effects of statins on endothelial cell (EC) signaling and activation that are relevant to the pathophysiology of ALI including actin cytoskeletal rearrangement and EC barrier protection via differential effects on small GTPases RhoA and Rac1 (13) and inhibition of superoxide generation via NADPH oxidase inhibition (4) . We have also reported the marked upregulation of integrin-␤4 (13) , a molecule that attenuates EC inflammatory responses via effects on MAPK signaling (3) . This dramatic upregulation of EC integrin-␤4 by statins has subsequently been corroborated (16) ; however, the role of integrin-␤4 in murine ALI protection by simvastatin remains unclear.
Integrins, expressed in a variety of cell types and mediators of both inside-out and outside-in signaling, exist as transmembrane heterodimers consisting of a ␤-subunit required for activation and an ␣-subunit that serves a regulatory role. There are eight known ␤-subunits, all of which share significant structural homology except for integrin-␤4, which is uniquely characterized by a long cytoplasmic tail (over 1,000 amino acids) that fails to show identity with the cytoplasmic domains of other ␤-subunits (11) . Moreover, recent evidence suggests that integrin-␤4 is associated with wholly distinct signaling properties. In particular, integrin-␤4 expression and signaling is associated with an attenuation of EC inflammatory responses in vitro and ALI protection in vivo. This is in notable contrast to a variety of other integrin ␤-subunits that promote lung vascular permeability and inflammation. For example, integrins-␤2, -␤5, and -␤6 have each been identified as independent mediators of increased lung vascular permeability associated with ALI (9, 22, 28) .
The extracellular ligand for integrin-␤4 is laminin. Integrin-␤4 complexes only with integrin-␣6 and is recognized as important for the formation of epithelial hemidesmosomes and is relevant to cancer biology. Increased integrin-␤4 expression is linked to increased tumor invasiveness in squamous cell carcinomas (26) and papillary carcinomas of the thyroid (14) and portends a poor prognosis in both breast (24) and bladder cancer (10) . Until recently, however, little was known about the role of integrin-␤4 in normal EC physiology. We previously reported that integrin-␤4 attenuates EC inflammatory responses via the negative regulation of MAPK signaling mediated by Src homology phosphatase-2 (SHP-2), a protein tyrosine phosphatase (3). In the current study, we investigated the functional contribution of these effects to simvastatin protection both in EC inflammatory responses in vitro and in vivo in a murine model of LPS-induced ALI.
MATERIALS AND METHODS

Materials and reagents.
Integrin-␤4 and integrin-␤1 antibodies were purchased from Millipore (Billerica, MA). Mouse IgG was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). All other antibodies were purchased from Cell Signaling (Danvers, MA). The real-time RT-PCR kit was purchased from Qiagen (Valencia, CA), and the primers for integrin-␤4 and GADPH were purchased from IDT (Coralville, IA). ELISA kits for IL-6 and IL-8 and Milliplex MAP mouse cytokine kit were purchased from Biolegend (San Diego, CA) and Millipore, respectively. All other reagents were purchased from Sigma (St. Louis, MO) unless otherwise specified.
Real-time PCR. EC were grown in six-well plates to 80 -95% confluence and were then treated with simvastatin for the times indicated. Cells were harvested, and total RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. cDNA was synthesized from total RNA (1 g), and RT-PCR was performed for integrin-␤4 using ABI Prism 7700 Sequence Detector System (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. GADPH was used as an endogenous control for normalization.
Immunoprecipitation and Western blotting. Cells were treated as indicated and harvested with RIPA buffer containing proteinase inhibitors and phosphatase inhibitors per standard protocols. After sonication and centrifugation, the supernatant was collected. Equal amounts of protein were incubated with integrin-␤4 or phosphorylated tyrosine antibodies for immunoprecipitation overnight. IgG agarose beads (20 l) were added for 2 h, and the beads were centrifuged and washed with RIPA buffer ϫ4 followed by the addition of 30 l of Laemmli sample buffer and boiling. Samples were then analyzed by SDS-PAGE gel. After transfer to a nitrocellulose membrane (BioRad, Hercules, CA), Western blotting was performed using appropriate primary antibodies and horseradish peroxidase-conjugated secondary antibodies before visualization via chemiluminescence (Amersham Biosciences, Piscataway, NJ). Blot density was determined by Alpha Imager software (Alpha Innotech, San Leandro, CA).
Murine ALI model. All experiments and animal care procedures were approved by the University of Illinois at Chicago Animal Care and Use Committee. C57/Bl6 mice (Jackson Laboratory, Bar Harbor, ME), 8 -12 wk old, were initially administered simvastatin (20 mg/kg) or vehicle via intraperitoneal injection overnight. The following day (24 h later), the mice were pretreated with an integrin-␤4-or integrin-␤1-blocking antibody (1 mg/g body wt) or a control antibody (mouse IgG, 1 mg/g body wt) intravenously 2 h before the repeat administration of simvastatin or vehicle and intratracheal LPS (1.25 mg/kg). On the third day, 24 h after LPS, the mice were killed and bronchoalveolar lavage (BAL) was performed in select animals as previously described (12) . BAL fluid was assessed for cell counts, protein content, and cytokine levels. In separate animals, lungs were harvested for histological analysis.
Measurement of cytokines in EC media and in BAL fluid. EC were grown to 75-80% confluence before treatment per the experimental conditions. The media was then briefly centrifuged and collected to measure cytokine concentration with commercially available ELISA kits according to the manufacturer's instruction. In the animal studies, BAL cytokines were measured with Millipore MAP mouse cytokine kit according to manufacturer's instruction.
Assessment of lung capillary leakage. Evans blue dye albumin (EBA, 20 mg/kg) was injected into the internal jugular vein 1 h before the termination of the experiment to assess vascular leak as we have previously described (19) . The lungs were then perfused with PBS and then excised before homogenization, incubation with 2 ml formamide, and centrifugation (12,000 g ϫ 20 min). The optical density of the supernatant was then determined spectrophotometrically at 620 nm. The extravasated EBA concentration was calculated against a standard curve and expressed as g EBA/ml.
Statistical analysis. Shapiro-Wilk testing was used to confirm data were normally distributed. Student's t-test was used to compare the means of data from two experimental groups, whereas significant differences (P Ͻ 0.05) among multiple-group comparisons were confirmed by one-way ANOVA and post hoc multiple-comparisons testing. Results are expressed as means Ϯ SE.
RESULTS
Regulation of integrin-␤4 expression by simvastatin.
We previously reported increased expression of integrin-␤4 in EC treated with simvastatin (5 M, 24 h) detected by microarray analysis with increased protein levels confirmed by Western blotting (13, 29) . To extend and further validate our earlier studies, we performed real-time PCR and characterized integrin-␤4 mRNA changes over time in human pulmonary artery EC treated with simvastatin (5 M). These studies confirmed timedependent changes in integrin-␤4 mRNA levels with a significant increase evident at 6 h, whereas levels were increased even further at 16 h (Fig. 1A) . Consistent with these findings, there was no change in integrin-␤4 protein levels by Western blotting of EC lysates during early time points (within 6 h), whereas a significant increase was evident at 16 h (Fig. 1B) . Membrane fractionation confirmed localization of integrin-␤4 at the cell membrane. In addition, we confirmed a dose-response effect with increased integrin-␤4 expression evident in response to as little as 0.5 M of simvastatin (16 h ) and expression increasing proportionally with increasing concentrations of simvastatin, up to 10 M (Fig. 1C) .
Regulation of integrin-␤4 tyrosine phosphorylation. In an effort to link changes in integrin-␤4 expression by simvastatin with changes in integrin-␤4-mediated signaling, we performed immunoprecipitation experiments and assessed tyrosine phosphorylation of integrin-␤4 in response to simvastatin. Human pulmonary artery EC were treated with simvastatin (5 M, 16 h) or vehicle before treatment with LPS (500 ng/ml, 1 h) and the lysates subjected to immunoprecipitation with an integrin-␤4 antibody followed by immunoblotting with a phospho-tyrosine antibody ( Fig. 2A) . Reciprocal experiments were also performed under the same conditions utilizing a phosphotyrosine antibody for immunoprecipitation followed by immunoblotting with an integrin-␤4 antibody (Fig. 2B ). These studies confirmed increased tyrosine phosphorylation of integrin-␤4 in response to LPS that was abrogated with simvastatin pretreatment. Notably, we repeated these studies using human lung microvascular EC and confirmed identical results (data not shown).
Role of integrin-␤4 in the attenuation of LPS-induced EC inflammatory responses by simvastatin.
Because we have previously reported an anti-inflammatory role for integrin-␤4 in EC responses to LPS (3), we investigated these effects in the context of simvastatin treatment. In our initial experiments, human pulmonary artery EC were treated with simvastatin (5 M, 16 h) or vehicle either alone or with subsequent treatment with either an integrin-␤4-blocking antibody (20 g/ml, 2 h) or a control antibody (IgG) before LPS stimulation (500 ng/ml, 4 h). Media were then collected and IL-6 and IL-8 levels measured Fig. 3 . The attenuation of LPS-induced EC IL-6 and IL-8 expression by simvastatin is mediated by integrin-␤4. EC were grown to confluence and treated with simvastatin (5 M, 16 h) or vehicle before LPS (500 ng/ml, 4 h), and levels of IL-6 (A) and IL-8 (B) were measured in the media. Compared with controls, simvastatin affected a significant decrease in LPS-induced IL-6 and IL-8 expression. Moreover, pretreatment with an integrin-␤4-blocking antibody (ITGB4 ab, 20 g/ml, 2 h before LPS) reversed the effects of simvastatin, whereas use of a control antibody (IgG, 20 g/ml) had no effect (n ϭ 3/condition, *P Ͻ 0.05). Fig. 2 . Simvastatin (simva) inhibits LPSinduced tyrosine phosphorylation of integrin-␤4. A: human pulmonary artery EC were treated with vehicle or simvastatin (5 M, 16 h) before stimulation with LPS (500 ng/ ml, 1 h). Cells were lysed and integrin-␤4 immunoprecipitated (IP) with a specific antibody before IB with an antibody specific for phosphorylated tyrosine. B: in reciprocal experiments, under identical conditions, cells were subjected to IP with an antibody specific for phosphorylated tyrosine before IB for integrin-␤4 (n ϭ 3/experimental condition, *P Ͻ 0.05). (Fig. 3) . These studies confirmed a significant attenuation of LPS-induced IL-6 and IL-8 expression by simvastatin alone that was abrogated by treatment with the integrin-␤4-blocking antibody. Additional studies to assess other inflammatory cytokines revealed a significant attenuation of both monocyte chemoattractant protein (MCP)-1 and regulated on activation normal T cell expressed and secreted (RANTES) expression in LPS-stimulated EC pretreated with simvastatin (5 M, 16 h) that was significantly reversed by treatment with the integrin-␤4-blocking antibody (Fig. 4) . Interestingly, the integrin-␤4-blocking antibody also affected an increase in MCP-1 expression in these studies when administered by itself. Of note, separate studies were conducted using siRNA specific for integrin-␤4, but these experiments confirmed an overriding effect of simvastatin resulting in increased-␤4 expression despite the use of siRNA that effectively inhibited integrin-␤4 expression when used alone.
Role of integrin-␤4 in murine ALI protection by simvastatin. We sought to extend our in vitro findings to our previously established murine model of LPS-induced ALI. Consistent with our previous report (12) , mice were pretreated with simvastatin (20 mg/kg) or vehicle by intraperitoneal injection 20 h before treatment with an integrin-␤4-blocking antibody (1 mg/kg iv) or either an integrin-␤1-blocking antibody or mouse IgG as controls.
This was followed 4 h later by concomitant treatment with a second dose of simvastatin (20 mg/kg ip) and intratracheal LPS (1.25 mg/kg). BAL fluid was then collected 24 h later and assessed for protein content and cell counts (Fig. 5, A and B) . Increased BAL fluid protein levels and total cell counts (predominantly neutrophils) induced by LPS were significantly reduced in animals treated with both simvastatin and the control antibody (IgG). In contrast, animals treated with the integrin-␤4-blocking antibody exhibited a significant reversal in these effects of simvastatin. Notably, we observed no effects with the administration of the integrin-␤1-blocking antibody in these experiments (data not shown). We next sought to confirm an attenuation of integrin-␤4-mediated signaling by simvastatin in vivo. Because we have previously reported an inhibitory role for integrin-␤4 in EC inflammatory responses associated with attenuated MAPK signaling (3), whole lung homogenates from mice pretreated with vehicle or simvastatin and then administered LPS (as above) were subjected to Western blotting and probed for Erk phosphorylation (Fig. 5C) . These experiments confirmed a dramatic increase in Erk activation in response to LPS that was abrogated by simvastatin.
In separate studies with the same experimental conditions, we measured changes in EBA extravasation to assess lung capillary leakage. These studies confirmed increased EBA tissue content in Fig. 4 . The attenuation of LPS-induced EC monocyte chemoattractant protein (MCP)-1 and regulated on activation normal T cell expressed and secreted (RANTES) expression by simvastatin is mediated by integrin-␤4. EC were grown to confluence and treated with simvastatin or vehicle (5 M, 16 h), followed by an integrin-␤4-blocking antibody (ITGB4 ab, 20 g/ml) or a control antibody (IgG) 2 h before LPS (500 ng/ml, 4 h). Media were collected and levels of MCP-1 (A) and RANTES (B) measured. Whereas pretreatment with the control antibody had no effect, pretreatment with an integrin-␤4-blocking antibody reversed the attenuation of LPS-induced MCP-1 and RANTES expression by simvastatin (n ϭ 3/condition, *P Ͻ 0.05, **P Ͻ 0.05 compared with LPS alone). response to LPS that was abrogated by simvastatin, whereas administration of the integrin-␤4-blocking antibody fully reversed these effects of simvastatin (Fig. 6A) . In addition, lungs were also collected and used for histological evaluation, in which a significant increase in lung tissue edema and inflammatory cell infiltration in LPS-treated animals compared with controls that was markedly attenuated by simvastatin pretreatment was observed. In contrast, lungs from simvastatin-treated animals that also received the integrin-␤-blocking antibody demonstrated significant injury and were essentially indistinguishable from those of animals that received LPS alone (Fig. 6B) .
Finally, the animal studies were repeated using the integrin-␤4-blocking antibody, and BAL fluid was collected to assess changes in inflammatory cytokine levels. These experiments identified several cytokines that were markedly increased in the BAL fluid in response to LPS alone but significantly reduced by pretreatment with simvastatin including IL-6, IL-1␤, MCP-1, and RANTES (Fig. 7) . Furthermore, reductions in each of these by simvastatin were found to be significantly attenuated by use of the integrin-␤4-blocking antibody. Of note, although BAL fluid KC levels (a murine IL-8 homolog) were reduced in mice treated with simvastatin and LPS compared with LPS alone, we did not detect a significant reversal in BAL KC levels in LPS and simvastatin-treated animals that also received the blocking antibody. Similarly, although IL-1␤ levels were significantly altered in the BAL fluid, we did not detect a significant effect of either simvastatin or the blocking antibody on IL-1␤ levels in our in vitro studies.
DISCUSSION
The potential role for statins in the treatment of ALI is an area of ongoing investigation and is supported by abundant in vitro data (4, 13, 27) , findings in relevant animal models (12, 17, 18, 23) , as well as numerous observational reports involving relevant patient populations (1, 7, 15, 20) and data from recent human studies (5, 21) . These drugs are recognized to have pleiotropic properties, including direct effects on EC inflammatory responses and EC barrier function via differential Rho GTPase activation resulting in both dynamic cytoskeletal rearrangement and the inhibition of NADPH oxidase activity (4, 13) . The relative contributions of these complex effects to the therapeutic potential of statins in ALI, however, are unknown. We have previously identified the dramatic upregulation of integrin-␤4 in EC treated with simvastatin and, subsequently, have reported a functional role for integrin-␤4 in attenuating EC inflammatory responses (3, 12) . Our findings now indicate that integrin-␤4 is a critical mediator of the protective properties of statins in murine ALI.
We found that EC integrin-␤4 mRNA and protein levels increase in a time-dependent manner in response to simvastatin. These effects are associated with an overall decrease in LPSinduced tyrosine phosphorylation of integrin-␤4. We previously reported that integrin-␤4 serves as a "brake" on LPS-induced EC inflammatory responses via the negative regulation of the tyrosine phosphatase, SHP-2, which mediates MAPK signaling and the downstream expression of inflammatory cytokines, including IL-6 and IL-8 (3). Notably, tyrosine phosphorylation of integrin-␤4 (on Tyr 1526) has been found to be required for Erk activation in human umbilical vein EC (6) . Consistent with this, we found that integrin-␤4 tyrosine phosphorylation was significantly increased in response to LPS stimulation, which in turn drives MAPK signaling, including Erk, and cytokine expression in human pulmonary artery EC. We speculate that these signaling events are attenuated by the overexpression of unphosphorylated integrin-␤4 in response to simvastatin and accounts to a significant degree for the anti-inflammatory properties of statins in this context. The posttranslational changes that result in decreased tyrosine phosphorylation of integrin-␤4 despite the increased protein expression induced by statins, however, are unknown and are a focus of our ongoing research.
A potential limitation of our study is our reliance solely on a blocking antibody to inhibit integrin-␤4. Although additional studies are planned to explore these effects in more detail, the use of the blocking antibody is supported by successful use of this strategy by other investigators (8) . Moreover, our in vitro findings using the blocking antibody corroborate our previous report that relied on the use of siRNA specific for integrin-␤4, which identified a role for integrin-␤4 in the elaboration of EC inflammatory responses (3) . Finally, the use of the blocking antibody in our animal model, administered intravenously, was based on a protocol established by other investigators to investigate the role of integrin-␤5 in rodent models of ALI (22) .
The clinical implications of our findings are significant because statins are currently being investigated for their therapeutic potential in ALI. Although the appeal of statin therapy in this context is strong given their availability, affordability, and their generally favorable safety profile, their pleiotropic properties may lead to complex and potentially suboptimal clinical effects in patients with ALI. As our data suggest that integrin-␤4 upregulation is a critical mediator of the statinprotective effects in murine ALI, it may be that a more targeted approach, focused on integrin-␤4-mediated EC signaling, could affect more significant clinical benefits.
Finally, our results should help to inform the interpretation of clinical trials of statins in ALI. Specifically, there is evidence that the pleiotropic properties of individual statins may be highly variable, including their effects on endothelial function (2, 25) . This may be a function of their relative lipophilicity because the more lipophilic statins (e.g., simvastatin) have increased extrahepatic tissue penetration relative to the more hydrophilic statins (e.g., rosuvastatin), which are more hepato-selective. Thus the lipophilic statins may have more prominent direct endothelial effects, including effects on integrin-␤4 expression and signaling, relevant to attenuating ALI.
In summary, we explored the role of integrin-␤4 on the attenuation of EC inflammatory signaling in vitro by simvastatin as well as protection by simvastatin in vivo in a murine model of ALI. We confirmed increased expression of EC integrin-␤4 in response to simvastatin treatment and observed a significant reduction in simvastatin anti-inflammatory effects, both in vitro and in vivo, associated with inhibition of integrin-␤4. Our findings support a novel regulatory role for integrin-␤4 in ALI and implicate integrin-␤4 signaling as a potentially important focus of strategies aimed at attenuating ALI in patients.
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